During boreal summer, much of the water vapor and CO entering the global tropical stratosphere is transported over the Asian monsoon͞Tibetan Plateau (TP) region. Studies have suggested that most of this transport is carried out either by tropical convection over the South Asian monsoon region or by extratropical convection over southern China. By using measurements from the newly available National Aeronautics and Space Administration Aura Microwave Limb Sounder, along with observations from the Aqua and Tropical Rainfall-Measuring Mission satellites, we establish that the TP provides the main pathway for cross-tropopause transport in this region. Tropospheric moist convection driven by elevated surface heating over the TP is deeper and detrains more water vapor, CO, and ice at the tropopause than over the monsoon area. Warmer tropopause temperatures and slower-falling, smaller cirrus cloud particles in less saturated ambient air at the tropopause also allow more water vapor to travel into the lower stratosphere over the TP, effectively short-circuiting the slower ascent of water vapor across the cold tropical tropopause over the monsoon area. Air that is high in water vapor and CO over the Asian monsoon͞TP region enters the lower stratosphere primarily over the TP, and it is then transported toward the Asian monsoon area and disperses into the large-scale upward motion of the global stratospheric circulation. Thus, hydration of the global stratosphere could be especially sensitive to changes of convection over the TP.
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climate ͉ CO ͉ stratosphere water vapor W ater vapor concentrations in the tropical lower stratosphere (LS) are 60% greater in boreal summer than in winter. This seasonal variation not only influences the radiation budget near the local tropopause but also propagates upward and toward the pole with the global stratospheric circulation (1, 2) . Numerical simulations suggest that Ϸ75% of the total summer water vapor transport into the global tropical stratosphere may occur over the South Asian monsoon and Tibetan Plateau (TP) regions (3), contributing to Ͼ25% of the water vapor in the middle stratosphere (4).
Studies have hypothesized that an increase in crosstropopause transport in the Asian monsoon͞TP region may have contributed to an increasing trend in stratospheric water vapor (5) during the 1980s and 1990s (6, 7) . This trend probably increased the global greenhouse forcing (8) and enhanced ozone depletion in the Arctic (9) . Any explanation of this trend or future trends would likely need to address how source regions for stratospheric water have changed. Recent studies have revealed high CO in the upper troposphere (UT) over the South Asian monsoon region (10) . This CO is produced by biomass or fossil fuel burning, suggesting a human influence on transport of combustion pollutants and, perhaps, water vapor into the LS (11) . Thus, a clarification of the mechanisms of water vapor and CO transport into the LS in this region is an important step toward understanding tropospheric influences on hydration and chemical composition in the global stratosphere.
Deep convection (i.e., thunderstorm updrafts) occurs most frequently over the Bay of Bengal and Indian subcontinent, which are collectively referred to as the South Asian monsoon region ( Fig. 1) , or simply the monsoon region. Studies (7, 10, 12) have suggested that transport by monsoon convection produces large concentrations of water vapor and CO and lower concentrations of ozone in the UT; however, the highest water vapor concentrations in the LS (e.g., 100 hPa at Ϸ18 km above sea level) are located north of the monsoon region (13) , primarily over the TP and its south slope (Fig. 1) . To explain the northward displacement of the LS hydration center away from the monsoon region, it has been proposed that water vapor is transported by monsoon convection to the UT and then sometimes transported northward isentropically to the extratropical tropopause break north of the TP (14) . However, such irreversible isentropic transport may be limited because of a strong anticyclonic circulation over the TP (15) . This transport would take a few weeks (12) , exposing the air to recurrent cold-temperature anomalies that reduce humidity to below the large-scale average saturation (16) . An alternative explanation is that extratropical convection allows water vapor to bypass the cold tropical tropopause (3, 17) . Water vapor entering the extratropical LS, especially in southern China, can travel toward the equator into the tropical LS (3, 18) . None of the studies described above account for the maximum of water vapor over the TP; therefore, the following two aspects remain unclear: whether the aforementioned isentropic cross-tropopause transport could account for the LS water vapor maximum north of the monsoon convection or, alternatively, whether local convection provides the main contribution to the LS hydration center over the TP.
The TP is located north of the monsoon region, covering an area that is approximately half the area of the lower 48 states in the United States, with an average elevation of Ͼ4 km. Satellite surveys show that clouds indicating deep moist convection occur frequently over the eastern Plateau (19) . Because of low air density and strong surface heating over the TP, air is mixed up to Ϸ8 km above sea level (20) by dry thermal updrafts. Convergence in the lower and middle troposphere resulting from the surface heating and rising air draws water vapor and pollution from the monsoon region (21, 22) . Over the TP in summer the altitude of the tropopause, defined as where potential temperature reaches 380 K (23), is generally located near 17 km above sea level (Ϸ105 hPa). Potential temperature is an indicator of the internal and potential energy of the atmosphere. Higher values of potential temperature and humidity for near surface air increase the probability of air rising from the surface to convect to the UT.
The potential temperature of air near surface over the TP can often be 30-40 K warmer than those over the monsoon area, and, thus, much lower humidities are necessary for moist convection to carry surface air parcels to the tropopause. The high elevation of the TP approximately halves both the depth of the tropospheric column and the total water vapor relative to the monsoon area, allowing more upwelling infrared radiation from the surface to reach and warm the tropopause. This article proposes that convection and atmospheric circulation over the TP represent the primary transport pathway of water vapor and CO to the LS. We explored this hypothesis by using measurements from the Aura Microwave Limb Sounder (MLS), Aqua Moderate-Resolution Imaging Spectroradiometer (MODIS), and Atmospheric Infrared Sounder (AIRS), and Tropical Rainfall Measuring Mission (TRMM) precipitation radar (PR). The Aura satellite was launched by the National Aeronautics and Space Administration (NASA) on July 15, 2004 , to join the Aqua satellite in the ''A-train.'' The two satellites view the same location within 7 min, which is shorter than the lifetime of individual mesoscale convective systems. This unprecedented match in space and time enables us to determine more accurately the influence of convection on cirrus cloud microphysical properties, water vapor, and polluted air in the UT͞LS.
Results and Discussion
This study addresses whether more water vapor and CO are transported into the LS by convection over the TP than over the monsoon region. We examined whether the tropopause is warmer, whether convection is deeper and injects more water vapor and CO to the tropopause, and whether water vapor and CO in the LS originate mostly from the TP or in the monsoon region. Fig. 2 shows the distribution of convective tops that reach Ͼ10 km altitude in August 2004 and 2005, where the convective top is defined as the highest level at which TRMM PR rain rate is Ͼ0.5 mm͞h, which is the lowest detectable rain rate by the instrument. The deeper convection (particularly with a convective top of Ͼ14 km) occurs more frequently over the TP and the Plateau south slope than over the monsoon region. The level of 14 km corresponds to 360 K and is the level over the TP above which radiative heating is positive such that water and CO detrained from convection can rise spontaneously (24) . MLS ice-water content (IWC) similarly indicates that the frequency of cirrus͞anvil clouds reaching the tropopause is much greater over the TP (71%) and the Plateau south slope (86%) than over the monsoon area (25%). The mean cirrus͞anvil cloud top pressure as indicated by AIRS data is 150 hPa (14 km in altitude) over the TP, compared with 300 hPa (9 km) over the monsoon area. Therefore, the results from these three satellites consistently suggest that the overshooting of water vapor and ice into the overlying stable air is deeper over the TP and its south slope than over the monsoon region. Deeper convection over the TP does not necessarily produce more rainfall at the surface, because of its unusually high convective base and low ambient humidity, which reduce the amount of water vapor that is entrained into the convective tower and, consequently, rainfall.
Convection can transport both CO and water vapor from surface sources to the UT or LS, where they are further transported vertically and horizontally by the large-scale circulation. The transport of both constituents is determined by near-surface concentrations and convective mass transport within their lifetimes (Ϸ1 month for CO and approximately a few days for water vapor), whereas the transport of water vapor is additionally controlled by atmospheric temperature. Thus, we first examined the CO transport, which is more closely related to the convective mass transport. The occurrence of CO vertical transport by convection can be diagnosed observationally by comparing increased concentrations of CO in the presence of convection with the background CO. Fig. 3 shows that CO between 215 (Ϸ12 km) and 100 hPa, referred to as the tropopause layer (25) , increases as much with convection over the TP and Plateau south slope as over the monsoon area. Thus, convective mass transport over the TP and Plateau south slope must be stronger than over the monsoon area, because nearsurface CO over these areas is less than half of that over the monsoon area. This implied stronger convective transport is consistent with the deeper convective tops shown in Fig. 2 . The concentration of CO decreases with altitude, consistent with successively fewer convective tops occurring at higher elevations (Fig. 2) .
Previous numerical modeling has indicated that monsoon convection may dominate transport of CO to the UT (10). We examined this suggestion observationally. Fig. 4a shows that the center of high 100-hPa MLS CO [Ͼ80 parts per billion by volume (ppbv)] over the northern monsoon, Plateau south slope, and southern TP area is located at 20-30°N. This high-CO air was traced back to the vicinity of the TP 5 days earlier by a back-trajectory analysis (Fig. 4b) and remained in that region for the previous 2 weeks (Fig. 4c). Figs. 2 and 4 suggest that a significant fraction of the high CO throughout the region must have ascended to the LS over the TP and its south slope and followed the upper-level anticyclonic flow at the core of the Tibetan High (Fig. 4 b and c) . Trajectory analysis for high CO observed at 147 hPa (Ͼ 140 ppbv) also suggests that it originates primarily from the TP. In contrast, most CO transported to the tropopause layer by monsoon convection is carried away by the easterly winds (Fig. 4 b and c) rather than contributing to the high-CO center in the Asian monsoon͞TP region.
Excess LS water vapor observations (Ͼ 5 ppmv at 100 hPa) are concentrated more over the TP than those of high CO (Figs. 4a  and 5a ). We applied a separate back-trajectory analysis to determine the source region of the high-MLS water-vapor mixing ratios over the whole Asian monsoon͞TP region. Water vapor that was detrained from convection was typically depleted in Ϸ1 day (26) . The primary convective source should be located along the back trajectories within the previous few days. Apparently, much of the moist air was either transported upward by local convection in the Plateau south slope and southeastern TP (Fig. 5a ) or horizontally by large-scale flow from the central and eastern TP (Fig. 5 b and c) , suggesting that the hydrated air first rises to the LS in the TP and its south slope (Fig. 5 b and c) , then is transported southward toward the monsoon area (Fig. 5a) , the same path as for CO. This transport toward the equator is consistent with inferences of studies (3, 18) using monthly mean data and numerical simulations. Quantitatively, Ϸ35-40% of the air with excess water vapor comes from the TP, 12-22% comes from the Plateau south slope, Ͻ10% comes from the monsoon area, and the rest comes from other areas in Asia.
We then sought to determine why more LS water vapor comes from the TP rather than the monsoon region. Fig. 6 shows that the water vapor mixing ratio in the tropopause layer increases more than twice as much with convection over the TP and Plateau south slope, as it does over the monsoon region, indicating a greater moistening effect by convection over the TP. MLS data indicate that the mean clear sky temperature of the tropopause layer over the TP is 7-8 K warmer than over the monsoon area. This temperature difference translates to at least a 2.5 times larger saturated mixing ratio (i.e., an additional 7-8 ppmv in the tropopause layer over the TP than over the monsoon area). Thus, less water vapor would be condensed out over the TP than over the monsoon area. Ambient relative humidity (RH) and cloud-particle sizes can also influence the convective moistening effect (17, 27, 28) . Very deep convection observed over the TP can overshoot and detrain ice particles near or even above the tropopause. Smaller ice particles can reach higher altitudes and fall at slower speed. The sublimation of these ice particles in ambient air can further moisten the tropopause and LS even after the dissipation of their convective source. The MLS shows that ambient RH with respect to ice (RH i ) is Ͻ40% at the tropopause over the TP, compared with Ͼ70% over the monsoon area. The MODIS also indicates a 10% greater fraction of the smaller ice particles (bin, 20-25 m) and 5% less of the bigger particles (bin, 25-35 m) at the top of cirrus͞anvil clouds for unpolluted atmosphere (aerosol optical depth, Ͻ0.2) over the TP than over the monsoon area (Fig. 7) . This shift toward smaller particles is consistent with the higher convective and cirrus͞anvil tops over the TP. Thus, smaller ice particles that are overshot by convection into a less saturated tropopause may also contribute to the stronger hydration of the tropopause and LS over the TP. Over the Plateau south slope, the tropopause temperature is 4-5 K colder and RH i is 20% higher than over the TP. Thus, the cross-tropopause water vapor transport over that region is probably weaker than it is over the TP (Fig. 6) , despite the presence of comparable convection.
Ref. 12 has shown a higher water vapor concentration of Ͻ215 hPa in the monsoon region that would travel to the tropopause over a few weeks (29) and, thus, would be freeze-dried by recurrent cold-temperature anomalies (16) . In contrast, Figs. 6 and 7 show that deeper convection over the TP transports water vapor and smaller ice particles to a warmer and less saturated tropopause over the TP, short-circuiting the cold tropopause barrier for water vapor transport that exists in the monsoon and other tropical regions. Thus, convection over the TP provides the main pathway for water entering the LS in the Asian monsoon͞TP region. Because water vapor depletes much faster than CO during transport toward the monsoon area, the LS center of hydration is more localized over the TP than that of high CO.
We then questioned what the likely importance of isentropic transport of water vapor and CO across the tropopause break at 40°N is, as emphasized in refs. 14 and 17, relative to the convective transport described above. Figs. 4 and 5 indicate that the probability of the isentropic path they propose is much lower. Rather, these images suggest that air that is rich in water vapor and CO injected into the LS over the TP travels toward the equator toward the monsoon-area (ref. 4 ; Figs. 4 a and b and 5  a and b) , where it can mix into tropical LS air and participate in the large-scale tropical rising motion of the global stratospheric circulation (2, 18) .
Evidently, the hydration of the global stratosphere could be especially sensitive to natural and human-induced climate change over the TP, especially the observed warming of surface temperatures (30) . This conclusion highlights the need to monitor these changes and their impacts more closely. In particular, establishing how these changes would alter the composition of the stratosphere, especially water, could help ascertain the influence of local tropospheric climate change on changes of the global stratosphere. It is possible that Aura and other satellites 6 . As in Fig. 3 , but for the change of H2O mixing ratio between deep convection and clear sky as derived from MLS data. The 90% confidence range is shaded for the TP and monsoon area. Deep convection is as defined in Fig.  3 . The x-axis scales differ for profiles Ͻ147 hPa in Lower and Ͼ120 hPa in Upper. Fig. 7 . Fraction of ice particles at the tops of cirrus͞anvil clouds for each size bin relative to the total number of cirrus particles that were derived from MODIS under unpolluted conditions (aerosol optical depth, Ͻ0.2) for the three areas. Cirrus-particle sizes were obtained from Aqua MODIS for cloud tops of Ͼ200 hPa. Samples range from a minimum of 200 pixels to a maximum of 670,000 pixels for each particle-size bin.
in the A-train constellation will provide highly valuable information to address these issues.
Methods
The Aura MLS simultaneously measures water vapor, cloud ice, temperature, and CO, as well as other chemical tracers, on fixed-pressure surfaces between 80°N and 80°S (31) . This study used instantaneous along-track profiles of water vapor, CO, temperature, and IWC measured by the MLS. For water vapor, the MLS single-measurement precision varies between Ϸ25% (at 316 hPa) and Ϸ10% (at 100 hPa), with an estimated accuracy of Ϸ10%; for CO, the single-measurement precision is Ϸ25%, with an estimated accuracy of Ͼ30% above 147 hPa (32) . The IWC single-measurement sensitivity is Ϸ4 mg⅐m Ϫ3 at 215 hPa and 0.4 mg⅐m Ϫ3 at 147 and 100 hPa. MLS cannot detect thin cirrus below the instrument sensitivity, and, thus, the thicker cirrus͞anvil detectable by MLS are produced mostly by convective detrainment. MLS may underestimate cloud IWC by more than Ϸ50 mg⅐m Ϫ3 because of saturation in the ice signal. Such underestimation is estimated to be Ͻ15% of total ice mass at 215 hPa and Ͻ5% at 147 hPa and higher levels (33) .
The vertical structure of convection is inferred from the TRMM PR (34) 2A25 algorithm volumetric radar reflectivity, which indicates the amount of precipitation-size hydrometeors (as represented by rain rate) in a given atmospheric layer. We used only nadir observations, which have a resolution of 250 m in the vertical and 4.3 km in the horizontal. Validation of the TRMM PR against high-resolution aircraft and ground-based radar measurements indicates that the instrument performs very well for systems with spatial scales similar to the footprint size (35) .
Cloud top pressure, optical depth, and ice-particle effective radius (also referred to here as cirrus particle size) were estimated by using daily gridded data from MODIS (36), onboard Aqua. Because of known biases, particularly the overestimation of ice cloud effective radius (37-40), we considered only the relative size distributions, rather than the absolute values. Last, we used observations of cloud-top pressure from the AIRS (41), also onboard Aqua. The AIRS instrument suite combines soundings from both infrared (AIRS) and microwave (Advanced Microwave Sounding Unit A) instruments to better observe atmospheric profiles. AIRS observes cloud-top pressure by using both sensors at up to two atmospheric levels and with a horizontal resolution of 40.5 km. We used the monthly mean level 3 product (version 4.0.9) in which the orbital observations are assigned to 1°ϫ 1°-grid cells, and an average (weighted by cloud fraction) was computed. Because this product has not yet been validated over land (42) , we used it only to further confirm our conclusions from the MLS and MODIS observations. The large-scale circulation was diagnosed by using version 4.0.4 of the NASA Global Modeling and Assimilation Office meteorological analyses, which provide assimilated data products in nearly real time to support the Earth-observing system Terra, Aqua, and Aura instrument teams and field experiments. The output is resolved on a 1.25°longitude ϫ 1.0°latitude grid at 55 vertical levels in Eta coordinates. The use of Eta coordinates allows the lower atmospheric model layers to be parallel to surface topography. The 6-h averages that were used in this study included surface pressure, temperature, geopotential height, horizontal and vertical winds, potential temperature, and potential vorticity.
Observations of high 100 hPa CO (Ͼ80 ppbv) and water vapor (Ͼ5 ppmv) are identified in 95 days of MLS data during August to September of 2004 and late July to August of 2005 (version 1.5), corresponding to the period of peak LS hydration (18) . The source regions for these observations are then inferred by means of a back-trajectory analysis with the Goddard Fast Trajectory model (43) , with a time step of Ϸ30 min. The model is driven by meteorological fields from the United Kingdom Meteorological Office reanalysis (44) , and diabatic heating rates were calculated according to a radiative transfer model (45) . For water vapor, the trajectory model was integrated backward in space and time for 3 days; for CO, which has a longer atmospheric residence time, it was integrated for 20 days.
